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Abstract
Nanocomposite Nd3:6Pr5:4Fe83Co3B5 ribbons were prepared by direct melt spinning at different wheel speeds. The hysteresis loop of
the ribbons prepared at wheel speed V D 20 m=s shows a single hard magnetic behavior with high coercivity. The values of remanence
Mr D 11:3 kG s, intrinsic coercivity iHc D 6:0 kOe and energy product .BH/max D 17:2 MG Oe are obtained at room temperature.
Transmission electron microscopy and magnetic force microscopy have been employed to image the microstructure and magnetic domains
in the ribbons. Due to the unnegligible inter-grain exchange coupling, interaction domains are observed. The shape of the demagnetization
curve in the second quadrant at different temperature gives more information about inter-grain exchange coupling. The coercivity mechanism
is discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Good permanent magnetic properties depend on both ex-
cellent intrinsic magnetic properties and the microstructure
of the materials. The idea behind composite permanent mag-
nets is the enhancement of the remanence by adding a soft
magnetic phase with a high spontaneous polarization to the
hard magnetic material [1]. For an optimum exchange cou-
pling, the size of the soft magnetic grains must be of the
order of two times larger as the domain wall width of hard
magnetic grains. Many efforts were paid to optimize the
magnetic properties by using special preparation methods
like mechanical alloying or rapid solidification [1–7]. But a
more theoretical understanding of the demagnetization pro-
cesses of nanocomposite magnet, which is useful to im-
prove hard magnetic properties, is not widely investigated
by experiment [8]. In this paper, the hard magnetic proper-
ties and inter-grain exchange interaction in nanocomposite
Nd3:6Pr5:4Fe83Co3B5 ribbons are reported.
2. Experimental
The ingots of Nd3:6Pr5:4Fe83Co3B5 were prepared by
arc-melting the constituent materials Nd, Pr, Fe, Co (with a
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purity of at least 99.9%) and Fe–B alloy under high puri-
fied argon atmosphere. The ribbons were obtained using a
melt spinning technique. The surface velocity V of the Cu
wheel is from 6.25 to 30 m/s. The ribbons are 1 mm wide
and 30 mm thick.
Microstructure was observed by transmission electron mi-
croscopy (TEM). Energy dispersive X-ray (EDX) analysis
was used to determine the chemical contents of the ele-
ments. Atomic force micrograph (AFM) and magnetic force
microscopy (MFM) images were obtained using a Digital
Instruments Nanoscope IIIA multimode scanning probe mi-
croscope under a scanning mode described by Digital In-
struments as Interleave Scanning with Lift Mode with a scan
height of 30 nm.
Thermal behaviors were traced by thermogravimet-
ric analysis (TGA) under a field of 1 kOe in the range
300–1130 K. Due to under a magnetic field, the gravimet-
ric value is composed of the weight of the ribbons and
the magnetic attractive force. Therefore, with subtraction
of the weight of the ribbon, the change of magnetization
with the increase of temperature can be exactly examined
by the variation of the gravimetric value, especially near
Curie temperature. The magnetization curves and the hys-
teresis loops were measured by a VSM with a maximum
field Hmax D 20 kOe at room temperature (RT) and an
SQUID with a magnetic field of up to 65 kOe from 150 K
to RT.
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3. Results and discussion
Fig. 1 shows the hysteresis loops of the ribbons prepared
at wheel speeds V D 15, 20 and 25 m/s. Demagnetization
behavior with poor exchange coupling between hard and
soft magnetic phase can be observed from the hysteresis
loops of the ribbons prepared at V D 15 and 25 m/s. This
results from the larger soft grain size and larger content of
amorphous phase in these ribbons. A single hard magnetic
behavior with high coercivity is found in the hysteresis loop
of the ribbons prepared at V D 20 m=s, as shown in Fig. 1.
The following studies are focused on the ribbons prepared
at V D 20 m=s.
TEM has been employed to image the microstructure as
shown in Fig. 2. The 2:14:1 type phase has been detected
in most big grains (30 nm) by TEM, while the a-Fe phase
was found in most small grains (about 20 nm). The EDX
results show that there is the same ratio of element Fe:Co
in every grain. It may be due to few difference in chemistry
Fig. 1. The hysteresis loops of the ribbons prepared at wheel speed
V D 15, 20 and 25 m/s.
Fig. 2. Transmission electron microscopy of the ribbons obtained at
V D 20 m=s.
Fig. 3. TGA results of the ribbons obtained at V D 20 m=s.
between Fe and Co, and the complete miscibility of Co in
R2Fe14B compounds as in Fe–Co binary alloy.
The ribbons were also studied by TGA under a low field.
The TGA results are given in Fig. 3. Due to the addition of
Co, the ribbons exhibit the Curie temperatures of the 2:14:1
type hard phase around 613 K, which is higher than that of
Nd/Pr2Fe14B compounds [9]. If the 3 at.% Co addition fully
comes into Nd/Pr2Fe14B phase, the Curie temperature of
this phase will be increased up to 650 K [10]. Therefore, it
further confirms that a part of Co addition is dissolved into
Nd/Pr2Fe14B phase. The second peaks around 923 K can be
found with the increase of temperature. As the decreasing
of temperature, new Curie temperature is observed around
898 K accompanying with the disappearance of the 2:14:1
type phase. This value is similar to the Curie temperature of
Fe2O3 compounds. It means that the peak around 923 K is
caused by the oxiding of ribbons.
Fig. 4 shows the AFM and MFM images for the rib-
bons. Due to the unnegligible inter-grain exchange coupling,
the interaction domain (uniformly magnetized regions ex-
tending over several crystallites) is observed in MFM im-
age [11]. The interaction domain is about 140 nm wide and
300–700 nm long, which is much larger than the size of
grains.
Fig. 5 shows minor loops of the ribbons obtained at V D
20 m=s. A plot of coercivity with the applied field strength is
also shown in the inset. The increase in magnetization with
increasing applied field is very high, while the increases in
both coercivity and remanence are not proportional to the
increasing applied field. Traditionally, the hardening mech-
anism is of nucleation/pinning type, it can be observed in
minor loops that the increase in magnetization with increas-
ing applied field being very high/small, and the increase in
both coercivity and remanence being/not proportional to the
increase of applied field [9]. It means that special magnetiz-
ing behavior occurs in nanocomposite Nd3:6Pr5:4Fe83Co3B5
ribbons, and the behavior can be explained according to the
spring-like one of magnetic soft phase which domain wall
is pinned by the magnetic hard phase [1].
The remanent magnetization MR and MD provide a quan-
titatives comparison of the magnetization and demagnetiza-
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Fig. 4. AFM, MFM and magnetic domains in the ribbons obtained at V D 20 m=s.
Fig. 5. The minor loops of the ribbons obtained at V D 20 m=s.
tion processes. Fig. 6a shows MD plotted as a function of
MR. Noninteracting particles would fall on the dash line as
given by MD D 1 − 2MR [12,13]. The departure from the
simple behavior emphasizes the importance of interaction
between neighbouring grains [13]. Due to the high depar-
Fig. 6. MD plotted as a function of MR (a) and 1M as a function of H (b) for the ribbons obtained at V D 20 m=s.
ture near the coercivity, as shown in Fig. 6b, we ascribe the
departure to the inter-grain exchange coupling, which leads
to large value of 1Mrev near the coercivity (or irreversible
nucleation field) as described in [1,14].
For an optimum exchange coupling, the size dex of
soft a-Fe grains must be equal to the value of 2B .D
2.A=K/1=2/ of the hard phase [1,3]. The value of dex will
be shifted to smaller values with the decrease of temperature.
Fig. 7. The demagnetization curves measured at 150, 200, 250 K and RT.
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Therefore, a shoulder in the second quadrant in demagnetiza-
tion curves will be observed in low temperature. Fig. 7 shows
the demagnetization curves measured at 150, 200, 250 K and
RT, respectively. Unfortunately, no shoulder is found even
at 150 K. It seems that the temperature dependence of dex
is not the same as that of B .D 2.A=K/1=2/ of the hard
phase. The value of remanence Mr D 11:3 kG s, intrinsic
coercivity iHc D 6:0 kOe and energy product .BH/max D
17:2 MG Oe are obtained at RT.
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